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ABSTRACT
This work focuses on the evaluation of modified surfaces on Ti produced by powder metallurgy. 
These newly designed surface modifications are achieved by deposition and diffusion of a 
stable aqueous suspension prepared in one case from micro-sized Nb powder (Ti β-stabilizer 
element) and in another case from Nb plus the addition of ammonium chloride, NH4Cl,
(thermo-reactive diffusion process). Different design parameters such as diffusion element 
(Nb or Mo), state of the Ti substrate (green or sintered) and the treatment process (diffusion 
or thermo-reactive diffusion) lead to all the surface-modified materials, GreenTi–Nb, SintTi–
Nb and Ti–NbNH4Cl, GreenTi–Mo, SintTi–Mo and Ti–MoNH4Cl. The modified Ti surfaces present 
a gradient in composition and microstructure (β / α+β / α phases) resulting in an 
improvement in some of their mechanical properties: (1) higher micro-hardness in all the 
modified materials and (2) lower elastic modulus (more similar to that of the human bone) in 
those without NH4Cl.
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1. Introduction
The great interest of titanium alloys in the biomedical
sector is well known due to their suitable characteristics
for biomaterials compared to other metallic materials.
However, there are still some concerns regarding tita-
nium alloys such as the high Young’s modulus which
is superior to that of human bone, the low wear resist-
ance and the toxic effect of Al and V of some alloys on
the long term [1,2]. Among the desired properties of
biomaterials, the mechanical ones are considered of
high importance since an improvement in hardness
together with a decrease in modulus of elasticity
would enhance the service life period of implants [2,
3]. A large variety of properties can be achieved with
titanium due to two main characteristics: (1) crystalline
structure (hcp or bcc) with α, α + β or β phase accord-
ing to the β-transus temperature [4,5]; and (2) high
susceptibility of being modified through surface modi-
fication treatments.
High specific strength is one of the main require-
ments for implants, and titanium has the most suitable
value among the metallic biomaterials in this aspect
[6]. However, the design of β–Ti alloys emerges as a
response to the necessity of improving other poorer
aspects such as stiffness. β–Ti alloys have low Young’s
modulus while maintaining or enhancing the material
strength by incorporating biocompatible elements such
as Mo, Nb, Zr or Ta which makes them ideal for bio-
medical applications [1,4,6]. Furthermore, Mo and
Nb exhibit complete solubility in Ti above 882°C
which allows a microstructural change and thus, the
modification of their properties [4,7]. However, a
large amount of these alloying elements is required to
maintain stable β phase at room temperature which
raises the price and density of these alloys [8]. For
this reason, the surface modification with β-stabilising
elements is employed as a strategy to improve the sur-
face properties while maintaining the lightness of Ti in
the core.
Regarding surface modification, a wide variety of
processes and techniques are employed for the
enhancement of mechanical, biological and chemical
properties of implants. Depending on the aspect to
improve, the most widely used are: (i) For wear resist-
ance, nitriding techniques such as diffusion, ion-
plasma, laser, high-energy plasma methods for TiN
synthesis [9,10] or laser cladding [11]; (ii) for cor-
rosion resistance, physical and chemical vapour
deposition [12], chemical/thermal treatment [13],
thermal oxidation/spraying, plasma spray, ion
implantation, micro-arc oxidation, sandblasting or
electrochemical treatments; and iii) for mechanical
performance and biocompatibility, developing β-
alloys by introduction of Nb, Zr, Mo, Ta or Sn [8],
or physical or chemical treatments such as wet etch-
ing, anodisation or laser/plasma exposition [14,15].
A summary of these surface modifications has been
reported in Refs. [16,17].
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In this work, the diffusion of two different β-stabil-
iser elements, Nb or Mo, has been the approach
followed toward enhancing the mechanical perform-
ance by reducing the modulus of elasticity and
improving hardness. This approach modifies the sur-
face properties of Ti, maintaining its lightness in the
core. The modified Ti surfaces have been processed
in two stages: (i) fabrication of Ti substrates by con-
ventional powder metallurgy route of pressing and
sintering, benefiting from the cost-effectiveness of
this processes [18,19]; and (ii) a heat treatment to pro-
mote the diffusion of the deposited elements on the Ti
substrates [5,8]. Therefore, the results of this paper are
presented and discussed based on the influence of
microstructure and chemical composition on the
mechanical properties of different surface modifi-
cations performed as a function of diffusion element
(Nb or Mo), state of the Ti substrate (green or sin-
tered) and diffusion process (with or without activat-
ing agent).
2. Experimental procedure
2.1. Materials and sample preparation
The materials processed classified by their design par-
ameters together with the nomenclature used further
on are summarised in Table 1.
The surface modification carried out with niobium
as diffusion element led to GreenTi–Nb, SintTi–Nb
and Ti–NbNH4Cl materials, whereas the molybdenum
diffusion resulted in GreenTi–Mo, SintTi–Mo and
Ti–MoNH4Cl materials. All the six modified surfaces
were studied and compared to Ti control as the refer-
ence material. First, the fabrication of the Ti substrates
was carried out by using hydride–dehydride commer-
cially pure titanium powder (cpTi grade 4) (GfE
Metalle und Materialien GmbH, Germany) with a par-
ticle size below 75 μm, and a mean particle size of
45 μm. The green Ti substrates were produced by uni-
axial pressing at 600 MPa using a cylindrical die of
16 mm in diameter with lubricated walls using zinc
stearate. For the sintered Ti substrates, a sintering
cycle in high vacuum (10−5 mbar) at 1250°C for 2 h
with a heating and cooling rate of 5°C min−1 was
applied after pressing. Then, the surface modification
by Nb was performed depositing an aqueous suspen-
sion of niobium powder with a particle size between
1 and 5 μm (Alfa Aesar, Germany). A suspension con-
taining 10% volume Nb particles was prepared in water
and sprayed at room temperature onto the powder
metallurgy (PM) Ti substrates in two different states:
green Ti compact (as-pressed) and sintered Ti in
order to obtain two different final materials. Before
the niobium deposition, the surfaces of the sintered
Ti substrates were prepared through grinding with
180# SiC paper and cleaning in an ethanol ultrasonic
bath in order to remove any possible oxide formed.
Then, the suspension was sprayed on green and sin-
tered substrates. The Nb diffusion treatment was per-
formed through a heat treatment in high vacuum
(10−5 mbar) for 3 h at 1100°C and cooling at 5°
C min−1, obtaining the labelled GreenTi–Nb and
SintTi–Nb materials. The same process was carefully
followed to prepare the Mo suspension and obtain
the GreenTi–Mo and SintTi–Mo materials as reported
in a previous work [20]. Alternative to the high vacuum
diffusion process, Ti–NbNH4Cl and Ti–MoNH4Cl
materials were obtained through thermo-reactive diffu-
sion in a controlled Ar atmosphere. An addition of
1.5% of NH4Cl (activating agent) was added to the nio-
bium or molybdenum suspension to obtain the Ti–
NbNH4Cl and Ti–MoNH4Cl, respectively. Both materials
were subjected to a thermo-reactive diffusion process
in Ar atmosphere at 1100°C with a dwell time of 3 h
and a heating and cooling rate of 5°C min−1. Finally,
before each test, all the diffusion-treated surfaces
were finished by a soft grind with a 1200# SiC emery
paper followed by ultrasonic bath in propanol for 5
min.
2.2. Microstructural and chemical analysis
The cross-section of all the materials was examined to
analyse microstructure and phase transformation by an
FE-SEM (FEI Teneo) equipment. Chemical compo-
sition analysis was performed by an EDAX equipment
in terms of profile and detailed mapping analysis. For
this purpose, the cross-section of the materials was pre-
pared by grinding with SiC emery paper from 180# to
1200# grade and polishing down to 0.3 μm alumina
suspension.
2.3. Mechanical testing: surface Vickers micro-
hardness, surface macro-indentation and cross-
sectional nanoindentation
Vickers micro-hardness was measured on the surfaces
of the materials, applying a load of 100 g (HV0.1) for
10 s with a diamond tip in a Zwick Roell micro-hard-
ness tester and processed by the ZHμ HD software.
Table 1. Surface-modified Ti materials studied with their
design parameters.
Materials Design parameters
Diffusion
element Substrate state Treatment process
Nb Mo Green Sintered Diffusion TRD*
Ti – – – – – –
GreenTi–Nb ■ ■ ■
SintTi–Nb ■ ■ ■
Ti–NbNH4Cl ■ ■ ■
GreenTi–Mo ■ ■ ■
SintTi–Mo ■ ■ ■
Ti–MoNH4Cl ■ ■ ■
*TRD: Thermo-reactive diffusion (with the activating agent (NH4Cl)).
2
Six measurements were performed on each material in
order to get a reliable average.
Macroscale surface indentation measurements were
performed, and Vickers hardness, elastic modulus and
maximum indentation depths were determined apply-
ing a load of 5 N with a speed for load application of
0.5 mm min−1 and a speed for load removal of 2 mm
min−1 in a Zwick Roell Z 2.5 tester. The effect of
load was studied applying a bigger load of 15 N.
Mean E and H values of all the materials were
expressed as the average of six different measurements.
Nanoindentation measurements in the cross-section
were performed to obtain a more precise response and
evaluate the effect of microstructure and chemical
composition on hardness and elastic modulus. They
were carried out to a depth of 500–750 nm with
10 mN as maximum load by using a standard Berko-
vich tip calibrated by fused silica. The measurements
were performed in an MTS Nanoindenter equipment
in profiles from the outer area to the inner part. The
average values were calculated by three measurements
at different points of the diffusion layers and substrate
areas.
3. Results and discussion
3.1. Microstructure and chemical
characterisation
Figure 1 shows the microstructure of the three modi-
fied Ti–Nb surfaces. A gradient of microstructure
and composition was observed in Figure 1(a and b)
with diffusion areas of 100–120 μm depth depending
on the initial state of the Ti substrate. Nb diffusion
changed the microstructure of α-single-phase titanium
into a gradient of β → α + β → α phases moving
inward. Moving towards the external surface, the α +
β lamellae appeared closer together, becoming a single
β region rich in Nb (detailed in-view from Figure 1(a)).
In the case of the surface modification in green sub-
strate (GreenTi–Nb), the diffusion area of 120 μm con-
firms the successful surface modification in a single
step during a co-sintering process. On the other
hand, Figure 1(b) shows the surface modification car-
ried out in sintered Ti substrate (SintTi–Nb) which is
homogeneous and reaches about 100 μm depth. Both
micrographs present brighter zones in the upper part
corresponding with the rests of non-diffused niobium
particles which remain adhered to titanium. An energy
dispersive X-ray (EDS) profile was taken from Figure 1
(b) to observe the distribution of the elements along the
depth. From this analysis, it can be stated that the first
10 μm, approximately, correspond to the total diffu-
sion of Nb in the Ti matrix due to its high solubility
into titanium according to the Ti–Nb phase diagram
[7]. Moving inwards, the niobium content starts to
decrease while the amount of titanium increases, and
the α–β phase appears in the microstructure. The nio-
bium content in the Nb-rich region was of 90%,
decreasing until 50% at a depth of 10 μm and varying
between 30% and 10% as the beta lamellae become
more separated. Similar Ti–Nb diffusion profiles simu-
lated at the same temperature as ours have been
reported in the recent literature [4]. The peaks
observed in the composition profile correspond to
the separated β lamellae, becoming almost zero at the
depth of 100 μm. However, a different structure was
found for the Ti–NbNH4Cl material (Figure 1(c)) cre-
ated by a thermo-reactive diffusion process with the
addition of an activating agent to stimulate the diffu-
sion phenomena due to the formation of volatile Nb
chlorides. This method has been already used in
other investigations with the aim of increasing surface
hardness and creating diffusion layers [13,21]. Owing
to the addition of the ammonium chloride activator,
titanium nitride is created on the surface, leading to
Figure 1. BSE SEM micrographs of the cross-section for the modified PM Ti surfaces with niobium: (a) GreenTi–Nb, (b) SintTi–Nb and
(c) Ti–NbNH4Cl. Diffusion areas and EDS profiles.
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some nitrogen diffusion inwards which can improve
the material surface hardness. The α + β regions were
not identified in that case, and Nb remained on the sur-
face in very low percentage. Some porosity typical from
the thermo-reactive diffusion process appeared in the
upper part [21]. As expected, the EDS profile indicated
some nitrogen diffusion of almost 10%, constant in the
first micrometres. The strong oxygen peak corresponds
to a pore since the chemical analysis was performed
crossing the porous area. This porosity may be an
interesting result from a biomedical point of view to
improve cell attachment and proliferation [22].
Besides Nb diffusion, β-phase formation from α-
structure has been achieved by molybdenum diffusion
(Figure 2). Molybdenum diffusion seemed to act in the
same way as niobium: creating the β → α + β → α
microstructural gradient together with a Ti–Mo com-
positional gradient (Figure 2(b)). The surface modifi-
cation was also performed on green and sintered Ti
substrates (Figure 2(a and b)), respectively. A detailed
view of the β-region is shown in Figure 2(a). From
the EDS profile analysis (Figure 2(b)), it was possible
to observe that the upper part corresponds to a 10-
μm Mo-rich region of approximately 60% Mo diffused
in and 40% Ti. The Mo content decreases from surface
inwards up to 90 μm depth. As a result, a diffusion
layer of similar characteristics was obtained for the
SintTi–Mo and for the SintTi–Nb materials. Similar
results were expected due to the analogous properties
for both elements (Mo and Nb) and very similar
phase diagrams. However, niobium seems to reach a
slightly higher diffusion depth than molybdenum as
well as an external part richer in niobium (90%) than
in molybdenum (60%). This can be ascribed to higher
diffusion coefficients for Ti–Nb systems as stated in
Refs. [4,23]. On the other hand, the thermo-reactive
diffusion process originated the porous Ti–MoNH4Cl
where the EDS graph shows a small diffusion of molyb-
denum and oxygen in the first micrometres and the
nitrogen content remaining almost constant between
5% and 10%. This TiN surface (Figure 2(c)) can be
compared to similar results reported in Ref. [21], show-
ing an agreement between the porosity created by the
activator and the absence of beta lamellae due to the
nitrogen diffusion.
Figure 3 shows the element distribution (Figure 3
(a)) and a detailed view of the beta lamellae (Figure 3
(b)) formed on SintTi–Nb materials. In Figure 3(a), it
can be seen how the α + β region appears within the
first 8-μm region due to the fact that the β-stabiliser
content is not enough to retain the β-phase. Figure 3
(b) presents a detailed micrograph of the α + β region
together with an EDS mapping. As a result of Nb diffu-
sion, the β lamellae were randomly formed with
broader and thinner zones becoming more dispersed
in the bottom area due to the decreasing Nb content.
Regarding the phase quantification for a determined
area of the α + β region, 17% of β-phase was found
whereas the rest corresponds to the α-phase.
3.2. Mechanical properties:
3.2.1. Surface Vickers micro-hardness (HV0.1)
Surface micro-hardness results on the modified sur-
faces are shown in Figure 4. Higher values were
found with respect to bare Ti in the range of
2.9–3.1 GPa for the Ti–Nb surfaces and 3.6–4.2 GPa
for the Ti–Mo. These values are comparable to those
obtained in other related studies with similar Mo [24]
or Nb contents [25], although slightly higher values
were reported for Ti–Nb compositions with higher sin-
tering temperature [7]. However, when comparing the
co-sintered and the diffusion-treated samples, con-
siderably higher differences were observed on the
Figure 2. BSE SEM micrographs of the cross-section for the modified PM Ti surfaces with molybdenum: (a) GreenTi–Mo, (b) SintTi–
Mo and (c) Ti–MoNH4Cl. Diffusion areas and EDS profiles.
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Ti–Mo materials. This can be ascribed to the porosity
and homogeneity of microstructures shown in Figures
1 and 2, where both of Ti–Nb surfaces exhibit similar
diffusion layers, whereas GreenTi–Mo presents higher
porosity than SintTi–Mo.
Another interesting issue is the higher average hard-
ness noticed clearly on the modified Ti samples with
Nb/Mo and the addition of the activator. As expected,
the TiN created on these surfaces together with some
nitrogen diffusion lead to an increase in hardness
near to 8.6 and 10.1 GPa, respectively, which means
more than three times the hardness of titanium. The
difference between Nb and Mo may be related to the
higher hardenability of Mo probably due to a higher
solid solution strengthening effect [14]. In this context,
it appears that Nb diffusion is slightly higher than Mo
and thus, the formation of a higher amount of softer β-
phase can be affecting the hardening effect. The
increased average surface micro-hardness of the
samples agrees with diffusion studies employing this
technique to improve wear resistance and oxidation
behaviour [26,27].
3.2.2. 5 N and 15 N indentation: surface elastic
modulus and macro-hardness
In order to evaluate the hardness response of these
materials at the macroscale, load–unload curves at
5 N and 15 N load were performed. From them, hard-
ness and elastic modulus were obtained and rep-
resented in Figure 5. Regarding hardness, similar
average values for both loads without significant differ-
ence were found. Nevertheless, the hardest surfaces
(Ti–MoNH4Cl and Ti–NbNH4Cl) showed higher suscep-
tibility to load since a decrease of around one order of
magnitude was observed. This could be ascribed to
their diffusion areas (Figures 1(c) and 2(c)) with the
high porosity along the first 20–30 micrometres. Poros-
ity is considered as one of the most relevant aspects that
could affect hardness. Therefore, it can be noticed that
the halide activator leads to a high increase in hardness
as well as a higher susceptibility to load. Comparing
micro-hardness (HV0.1) and macro-hardness (15 N)
tests, slightly smaller values with bigger load can be
observed. This is known as indentation size effect
which means higher hardness with low loads [28].
Regarding stiffness, a decrease in elastic modulus is
reached on the β-Ti surfaces as a result of the surface
modification by β-stabilising element diffusion. The
elastic modulus values obtained for both Ti–Nb and
Ti–Mo were around 95 GPa, reaching a value of
80 GPa in the case of the co-sintered surface as a con-
sequence of higher porosity. Similar values are reported
for some metallic biomaterials such as 93, 78 and
75 GPa for Ti–10Mo, Ti–15Mo and Ti–20Mo,
Figure 3. (a) Profile line analysis and (b) phase mapping showing the element distribution and phase transformation for the SintTi–
Nb material.
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respectively [29,30]. However, the activated samples
exhibited higher elastic modulus around 125–
140 GPa mainly attributed to the TiN layer.
Figure 6 shows the diffusion layers depth together
with the maximum indentation depth at 5 N and
15 N. In all samples, the maximum indentation depth
did not exceed the diffusion areas, reaching values
close to 20 μm for the samples with lower stiffness
which corresponds to the upper part (β-region).
When comparing GreenTi–Nb and SintTi–Nb
samples, higher porosity in the co-sintered samples
seems to lead to a small increase of the indentation
depth.
In this context, the surface porosity on the activated
samples could suggest deeper indentation marks.
Nevertheless, these samples present the smallest values
mainly attributed to their higher hardness. Therefore, it
could be stated that hardness has a stronger influence
on the maximum depth indentation than porosity,
with hardness improvement resulting in smaller inden-
tation depth with respect to Ti.
3.2.3. Nanoindentation: cross-sectional elastic
modulus and nano-hardness
Hardness and elastic modulus values from nanoinden-
tation measurements on the materials cross-section are
summarised in Figure 7. A decrease in the average elas-
tic modulus value on the diffusion layers (60–75 GPa)
with respect to the substrate area was observed for all
materials, except for the activated Ti–MoNH4Cl. As
Figure 4. Vickers micro-hardness (HV0.1) tests for all the modified materials. The data are presented in GPa showing the mean value
of the measurements and the standard deviation with vertical bars.
Figure 5. Elastic modulus and hardness values obtained from 5 N and 15 N indentation tests. The graph shows the mean value of
the measurements and the standard deviation with vertical bars.
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expected, the β-stabilising elements reduced the elastic
modulus because of the β-phase formation, while the
TiN layer from the Ti–MoNH4Cl surface leads to
increase in hardness but also elastic modulus. Further-
more, the elastic modulus seems to be slightly influ-
enced by the initial state of the Ti substrate, with the
GreenTi–Nb material presenting around 5 GPa less
with respect to SintTi–Nb. Similar results are reported
in the literature, with the α-phase transformation into β
or α + β phases influenced by composition (i.e. TixMo,
TixMoyNb) [31,32]. Regarding hardness, values were
higher in all the modified Ti materials around
4.5 GPa in agreement to that reported for a PM Ti–
Nb alloy [7]. This means twice the hardness of bare
Ti and near three times in the case of Ti–MoNH4Cl.
Figure 8 shows the evolution of elastic modulus
along depth where values corresponding to the
diffusion layers are shown in striped areas while
those from the substrate area in empty squares. As it
can be seen, similar features were obtained on both
Ti–Nb and Ti–Mo systems, Figure 8(a) and (b),
respectively. As a result of gradient microstructures
and compositions, a gradient in elastic modulus was
found on all the modified materials. The lowest values
around 60 GPa were found closer to the surface (15 μm
depth), whereas medium values around 80 GPa at
50 μm depth and above 110 GPa in the substrate
area. These values are related to the microstructure of
the materials, since the lowest E values were found in
the outer part which means in the β region, the med-
ium E values getting deeper into the α + β region,
and the highest E values in the α region of the substrate
area. However, E values corresponding to the α-phase
were slightly higher with respect to Ti whose micro-
structure is composed of α-single phase. This could
be ascribed to the heat treatment performed to pro-
mote the diffusion after the sintering cycle which
means two heat treatments compared with only the
sintering treatment of titanium. This could be attribu-
ted to reduced porosity and thus increased elastic mod-
ulus in those regions without β-stabilising element.
This also agrees to the fact that the E values from the
substrate area on the modified green samples are
lower than their respective modified sintered samples.
Figure 9 shows the evolution of elastic modulus with
the Nb and Mo composition (Figure 9(a) and (b)),
respectively. Regarding Nb composition (Figure 9(a)),
the lowest E value reached was 54 GPa with 20% of
Nb on GreenTi–Nb material, while a slight increase
up to 64 GPa was obtained with a higher amount of
Nb (30%) on SintTi–Nb. This behaviour could be
attributed to the relative higher porosity remaining in
Figure 6. Comparison of the maximum indentation depth
between 5 N and 15 N load for all the modified materials.
The graph presents the mean value of the measurements
and the standard deviation with vertical bars.
Figure 7. Comparison of the average values of the elastic modulus between diffusion and substrate areas. Mean hardness of each
material. Data obtained from nano-indentation test. The graph shows the mean value of the measurements and the standard devi-
ation with vertical bars.
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the Green material due to its fabrication route in only
one single step. These E values correspond to the Nb-
rich region composed of stable β-phase as reported in
the Ti–Nb phase diagram [4]. When the Nb content
decreased to 10% (α + β region), E values raised up
to 77 and 87 GPa, keeping the tendency of lower and
higher elastic modulus on green and sintered samples,
respectively. Similar values to those of our β-Ti surfaces
around 60–70 GPa were reported for β-Ti alloys com-
posed of two β-stabilising elements in different compo-
sitions such as Ti15Zr10Nb, Ti27Nb13Zr or
Ti30Cr10Nb [31,33,34].
The elastic modulus as a function of Mo compo-
sition is shown in Figure 9(b). The lowest E value
reached was 63 GPa on the SintTi–Mo sample with
20% of Mo. Whereas on GreenTi–Mo, as in the case
of Nb, a low value of 65 GPa with only 15% of Mo
was reached due to the slightly higher porosity. Similar
to Figure 9(a), the microstructural change to α + β
resulted in E values close to 90 GPa with approximately
10% of Mo. Similar behaviour was reported for Ti–Mo
alloys exhibiting 13% of Mo and 75 GPa elastic mod-
ulus [14]. When comparing the β-stabiliser effect of
Nb or Mo on Ti, relative lower elastic modulus values
were reached by Nb diffusion with respect to those
achieved by Mo diffusion. A good in vitro biological
response has been reported for Ti–Mo–Nb with differ-
ent compositions and E values around 80 GPa [32].
Therefore, this improvement in mechanical properties
could lead to a promising biological response of our
modified Ti surfaces.
4. Conclusions
The surface modification by Nb and Mo diffusion
treatments into Ti substrates processed by powder
metallurgy has been successfully achieved. Three
different Ti–Nb surfaces as well as three Ti–Mo sur-
faces have been designed. For the co-sintering and dif-
fusion processes, well-defined gradients in
microstructure (β / α+β / α) and composition (Ti–Nb
or Ti–Mo) with Nb-rich or Mo-rich surfaces were
Figure 8. Evolution of elastic modulus as a function of distance on (a) Ti–Nb and (b) Ti–Mo systems. The graphs show the mean
value of the measurements and the standard deviation with vertical bars.
Figure 9. Evolution of elastic modulus as a function of (a) Nb and (b) Mo composition. The graphs show the mean value of the
measurements and the standard deviation with vertical bars.
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obtained. These diffusion layers ranged from 90 to
120 μm in depth while thermo-reactive diffusion led
to 20–25 μm porous surfaces with a TiN layer on
surface.
Hardness and elastic modulus were measured at
different scales: (i) surface Vickers micro-hardness
(HV0.1), (ii) 5 N and 15 N surface macro-indentation
and (iii) cross-sectional nanoindentation. The micro-
structural gradient on the materials resulted in a gradi-
ent in mechanical properties as well as lower elastic
modulus values at the Nb-rich or Mo-rich regions
composed of fully β-phase: 54 GPa (GreenTi–Nb),
64 GPa (SintTi–Nb), 65 GPa (GreenTi–Mo) and
63 GPa (SintTi–Mo). A decrease up to 40–50% with
respect to the elastic modulus of two of the most
used Ti alloys for biomedical applications: Cp-Ti
(102–105 GPa) and Ti6Al4V (110–114 GPa) was
achieved. The hardness of the modified surfaces was
around 4 GPa, twice the value of pure Ti. The activated
material exhibited the hardest surface, while a decrease
in elastic modulus was not reached due to the lack of
Mo diffusion and remanence of the α-phase. Therefore,
the improved hardness and decreased elastic modulus
of these modified Ti surfaces enhanced the mechanical
properties of Ti making them potentially suitable for
biomedical applications.
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